The mammalian small intestinal epithelium is a continuously renewable population of cells which arise from a proliferative zone of undifferentiated stem cells within the crypts. Epidermal growth factor (EGF) is thought to playa role in the maintenance and proliferative response of the intestinal epithelium.
In order to investigate the early changes in intestinal gene expression which occur in response to a mitogenic stimulus, we performed studies in two different celllines (IEC-6 and HT-29), both of which have characteristics of intestinal crypt cells. Cells were grown in DMEM + 10% FCS at 37°Cf5% CO2 and treated with cithcr EGF (10 'ngfml) andfor cycloheximide (CHx) (10 p.gfml) for various times. Northcrn blot analyscs were pcrformed on total RNA using 32P-Iabelcd cDNA probcs corrcsponding to various protooncogencs. Our results showcd that EGF treatment causcd rapid incrcascs in c-fos, c-jun, and junB cxpression (P < 0.001) in both ccIllincs. c-fos and c-jun foIlowed similar time courses, pcaking at 30 min, whcrcasjunB levcls plateaucd at 1 hr. Thc magnitude and time course of protooncogenc induction by EGF wcre similar in thc two ceIllincs. A dose-responsc cxperiment indicated peak EGF cffccts at 10 ngfml. CHx treatment resulted in grcater and more prolonged incrcases in protooncogcne expression when compared to EGF alonc, indicating that protein synthesis is not required for protooncogene induction. These results suggest that c-fos, c-jun, andjunB are aIl part of thc "immcdiate-early" genomic response to EGF within the intestinc, and that both IEC-6 and HT-29 ceIls may be suitable modcls to study the molecular mcchanisms underlying intestinal epithelial growth.
INTRODUCTION
The mammalian small intestine is lined by a simple columnar epithelium which forms finger-like projections, termed villi, that extend into the lumen and provide a large surface afea for absorptive functions. The epithelium is a continuously renewable population of cells which arise from a proliferative zone ofundifferentiated stem cells within the crypts. The cells acquire a differentiated phenotype, i.e., enterocytes, enteroendocrine, or goblet, as they migrate towards the villus tip, eventually to be extruded into the lumen. Paneth cells, whose function is not well understood"tend to migrate in the other direction to reside at the base of the crypts [1, 2] .
Renewal of the intestinal epithelium is required to maintain the functional integrity of the mucosa and pertubations in this normal process of cellular growth are common to many pathologic conditions including nontropical sprue, Crohn's disease, radiation enteritis, small bowellymphoma, and prolonged fasting. The abnormalities in intestinal epithelial growth lead to villus atrophy and its associated morbidity, including diarrhea, malabsorption, and perhaps impairment in gut barrier function [3] . Although various luminal and hormonal factors have been shown to affect the growth state of the small intestine, the molecular mechanismsunderlying this process are not well understood [4] .
The growth of mammalian cells is in large part mediated by polypeptide growth factors which bind to cell surface receptors and trigger a complex cascade of cytoplasmic and nuclear events. Second messenger systems transmit a signal from the cell membrane into the nucleus, resulting in alterations in gene expression. Studies utilizing mitogen-stimulated cells or tissues have elucidated the existence of two classes of genes whose expression is increased at various times following exposure to the growth signal. The "immediate-early" genes are induced within minutes following growth factor stimulation, and this increased expression occurs independent of protein synthesis. The so called "delayed-early" genes are induced hours following a growth stimulus and, in contrast to the immediate early genes, protein synthesis inhibition blocks the increase in delayed-early gene expression [5, 6] .
We have previously studied the growth response in the rat small intestine using a fastingjrefeeding model and demonstrated induction in the protooncogenes c-fos and c-jun shortly after the refeeding stimulus. Because this increase in protooncogene expression occurred indepen- dent of protein synthesis, we concluded that c-fos and c-jun were immediate-early genes in the context of the small intestinal crypt cell hyperplasia that occurs with refeeding [7] . Since it is difficult to study crypt cells in the intact animal, the present studies were undertaken to establish an in vitro system in which to study the molecular mechanisms governing intestinal epithelial proliferation. [3H]Thymidine incorporation in EGF-treated IEC-6 cells. IEC-6 cells were treated with saline or 10 ng/ml EGF for 24 hr and then (3H]thymidine incorporation was measured. Depicted are the mea n :t SEM (n = 4), in counts per minute, for control and EGFtreated cells. Statistical significance (P < 0.001) was determined using Student's unpaired t test.
[3 H] Thymidine 1 ncorporation
[3H]Thymidine (1 JlCi/ml medium) was added to the cells following a 24-hr treatment with either saline (control) or 10 ng/ml epidermal growth factor (EGF), and incubation was carried out for 6 hr. The cells were then washed in ice-cold PBS and 5% TCA added for 30 min at 4 °C. The cells were then washed with cold TCA followed by 95% ethanol, air-dried, and incubated with 0.5 N NaOH for 1 hr at 50°C. The cell lysates were then transferred to scintillation vials for measurement of incorporated radioactivity.
cpm/Jlg DNA. Conditions for hybridization were as follows: 5x standard saline citrate (SSC)/50% (v/v) formamide/l% (w/v) sodium dodecyl sulfa~e (SDS) at 42°C. Washing conditions were 2X SSC/O.l% SDS at 50°C. Relative changes in mRNA levels were determined by laser densitometry of autoradiograms and normalized for actin mRNA. Statistical analyses were carried out using Student's unpaired t test; P < 0.05 was considered statistically significant.
Cell Culture IEC-6 and HT-29 cells were purchased from American Type Culture Collection (ATCC) and grown in 160-cm2 plastic ftasks at 37°C/5% CO2 in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Sigma), 2 mM L-glutamine, and 100 U/mI penicillin/streptomycin. 1'he medium was changed every 3 days and the cells split via trypsinization when they reached 80-90% conftuence. Experiments were performed on cells at 80% conftuence and the medium was changed 24 hr prior to the start of each experimento The cells were treated with either 10 ng/ml EGF:t 10 J1.g/ml cycloheximide (CHx) or 5 J1.g/ml anisomycin (Anis) for periods of O, 0.5, 1, 4, or 24 hr. At the prescribed times, the medium was removed and the cells were scraped in guanidinium thiocyanate (GTC) for RNA extraction.
RESULTS [3 H] Thymidine 1 ncorporation
As shown in Fig. 1 , a 24-hr treatment with EGF caused an approximate 41 % increase in IEC-6 cellular proliferation (P < 0.001). Similar experiments were performed in HT-29 cells, algo revealing an increase in [3H]-thymidine incorporation in response to EG F. These measurements verified the mitogenic effects of EGF shown by others [16] .
Northern Blot Analyses
The cells were homogenized in GTC and total RNA was purified by ultracentrifugation through a CsCI gradient [8] . Northern blot analyses were then performed using standard techniques [9] . The c-fos probe was a 0.5-kb NcoI/SalI fragment derived from the mouse cDNA [10] . The c-jun probe was a 0.7-kb PstI insert from the mouse cDNA [11] . The junB probe was a 1.5-kb insert from the mouse cDNA [12] . The c-fos, c-jun, andjunB cDNA-containing plasmids were purchased from ATCC. The actin probe was a 1.0-kb PstI fragment derived from a {J-actin cDNA [13] . Complementary DNA probes were 32p labeled by the method of Feinberg and Vogelstein [14] , typically to a specific activity of 5 X 108 Protooncogene Expression in IEC-6 Cells EG F treatment of IEC-6 cells caused rapid and significant increases in both c-fos and c-jun expression at 30 mino The le veis decreased markedly by 1 hr and returned to baseline by 4 hr (Fig. 2) . There was no difference in c-fos or c-jun mRNA levels between 4 and 24 hr of EGF treatment (datanot shown). The magnitude ofthe EGFinduced c-jun increase was 1.6-fold (P < 0.001), and the c-fos increase could not be accurately quantified since its mRNA is undetectable in the control state. The same Northern blots were also probed withjunB, demonstrating that this protóoncogene isalso induced (fivefold, P < 0.001) byEGF (data not shown). ThejunB levelspeaked at 1 hr, as opposed to the 30-min peak seen with c-fos and c-jun. Effects of CHx and Anis on EGF-stimulated IEC-6 cells. Northern analyses were performed on IEC-6 cells treated with 10 ng/ mI EGF :t 10 IJg/ml CHx or 5 IJg/ml Anis for 30 mino Probes specific for thejunB and actin mRNAs are described under Methods. Twenty micrograms of total RNA wasloaded in each lane.
FIG.2.
Protooncogene induction in IEC-6 cells. Northern analysea were performed on IEC-6 cells treated with 10 ng/ml EGF for the indicated times. Probes specific for the c-fos, c-jun, and actin mRNAs are described under Methods. Twenty micrograms of total RNA was loaded in each lane.
(Anis). As illustrated in Fig. 4 , neither CHx or Anis blocked the EGF-induced increase in junB expression. In fact, as was seen with CHx, Anis l~d to a superinduction in junB mRNA levels. An EGF dose-response experiment was performed and revealed maximum effects at the 10 ngfml clase (Fig. 5) . The dose-response curve for c-Ios and c-jun were identical to that shown for junB.
Protooncogene Expression in HT -29 Cells
All of the above studies were carried out in HT-29 cells, in order to determine if this intestinal cellline responded to EG F in the same way as the IEC-6 cells. Both the EGF and CHx effects on c-fos, c-jun, andjunB were seen in HT-29 cells, just as was the case in the IEC-6 cells. Figure 6 depicts the effects on junB expression, illustrating the EGF induction, as well as the CHx superinduction. strated that inhibition ofprotein synthesis did not block protooncogene induction, and, in fact, resulted in greater increases in c-fos and c-jun expression than those seen with EGF alone. By itself, CHx caused marked increases in c-fos and c-jun mRNA levels, but these changes occurred later and were more prolonged than those caused by EG F. In combination, CHx and EGF led to a superinduction in c-fos and c-jun expression at 0.5, 1, and 4 hr. The effects of CHx on junB expression were similar to those seen with c-fos and cjun (data not shown).
In arder to verify that the CHx results were due to protein synthesis inhibition, and not so me other nonspecific CHx effect, we performed another set of experiments using the protein synthesis inhibitor anisomycin sponse to mitogens within the rat small in'testine. As is the case in other tissues, e.g., serum-stimulated fibroblasts [26] and regenerating liver [25] , it is likely that a number of other genes will be found to playa part in the intestinal mitogenic response.
Cycloheximide has previously been shown to superinduce the expression ofthe immediate early genes, probably through effects on both transcription as well as mRNA stability [27] . So, toa, we have found that either cycloheximide or anisomycin alone significantly increases protooncogene expression, as well as augmenting the effects of EGF.
Previous studies on early-response genes have used serum-starved cells treated with Borne growth stimulus, either serum itself or a specific growth factor, whereas the present studies were performed on cells maintained in standard medium. It is likely t.hat the protooncogene induction in these intestinal cells may be even more dramatic if the EGF treatment were to be given under serum-starved conditions. .
Since both the EG F -induced cellular proliferation and the increased protooncogene expression that we have seen in IEC-6 and HT-29 cells algo occur in other cell types [28] , the physiologic relevance of these changes remains to be determined. As is the case in regenerating liver [29] , it is likely that one or more intestine-specific genes will be found to play an important role in the crypt cell hyperplastic response. REFERENCES [15] . EG F is a well-characterized peptide that stimulates cellular proliferation in a number of different tissues and cell culture systems, including small intestine [16, 17] . The presence of this growth factor in amniotic fluid, colostrum, mother's milk, and saliva has suggested a physiologically important rol e in gastrointestinal growth and development. The fact that adult jejunal crypt cells are able to bind, internalize, and degrade EGF has led to the proposition that EGF may playa role in the maintainance and proliferative response of the adult intestinal ,epithelium [18] . Recent studies have suggested that EGF may function in promoting epithelial restitution following injury [19] , and a role in reducing the atrophy caused by fasting has been suggested [20] .
Based upon our demonstration in intact rats that small intestinal c-fos and c-jun mRNAs were induced by refeeding [7] , we wanted to establish an in vitro model system in which to study the mechanisms governing crypt cell hyperplasia. The present studies employed the rat jejunal crypt-derived IEC-6 cells [21] and the human colon cancer-derived HT-29 cells [22] , both ofwhich are thought to closely resemble small intestinal crypt cells. Since EGF has trophic effects upon intestinal epithelia both in vivo and in vitro, we used this growth factor to study the crypt cell genomic response to a mitogenic stimulús.
The protooncogenes, c-fos and c-jun, which comprise the well-characterized AP -1 transcription factor, are thought to play an important role in the growth and differentiation of a number of tissues [23] . The expression of cotos and c-jun is increased in many different cell types upon exposure to various growth factors [24, 25] . The increases in c-fos and c-jun expression that we have demonstrated in EGF-stimulated intestinal cells are consistent with the presumed role that these protooncogenes play in cell replication.
The fact that c-fos, c-jun, and junB expression is increased very early following EGF, and that the increases are not inhibited by cycloheximide, confirm that these protooncogenes are part of the immediate-early re-
